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Di-and triploid erythrocyte identification by multi-parameter image analysis: A new method for the quantification of triploidization rates in rainbow trout (Oncorhynchus mykiss)
Identificación de di-y triploidización por análisis multiparamétrico de imágenes: Un nuevo método para la cuantificación de la tasa de triploidización en trucha arcoiris (Oncorhynchus mykiss)
INTRODUCTION
The economic sitution has forced the salmon industry to maximize production rates, improve fillet quality, and minimize breeding costs. The use of all-female, triploid lines provides advantages in comparison to non-sterile diploid females, male, or sexually mixed populations (Utter et al 1983 , Wlasow et al 2004 , Friars et al 2001 . Female triploid salmons do not develop ovaries, nor do they express the characteristic phenotypic changes of the sexual maturation of the diploid species (Happe et al 1988) . Methods for triploidization include the application of high pressure or hyperthermia after the fertilisation procedures. Presently, high pressure treatment is preferred because it yields better triploidization and surviving rates. Since young di-and triploid fishes cannot be distinguished by their phenotypes, triploidization rates are determined on a cellular basis with different protocols (Thititananukij el al 1996 , Boron 1994 , Child and Watkins 1994 , Wattendorff 1986 , Ewing and Scalet 1991 , Cozier and Moffett 1989 , Al-Sabti 1995 , Thomas and Morrison 1995 . Due to its precision, the reference method for the quantification of the nuclear DNA content is based on fluorescent staining of the cellular chromatin in combination with flow cytometry (FC) (Utter et al 1983) . The main disadvantages of FC are high costs and the handling of hazardous DNA binding fluorescent dyes, such as acridine orange (AO), propidium iodide (PI), or 4',6-diamidino-2-phenylindole (DAPI). So far, an easy, precise, and non-hazardous method for the quantification of triploidization rates has not been developed. Applied methods are based on the fish to fish determination of triploidy in erythrocytes by trained specialists who classify up to 100 samples in order to obtain statistically significant results. In this work we present a microscopic bright field technique for the classification of di-and triploide erythrocytes of O. mykiss. This technique takes advantage of image processing routines in combination with multiple component analysis. The results obtained with quantitative morphologic microscopy (QMM) or quantitative fluorescent microscopy (QFM) are comparable or even superior to the FC-data. QMM substitutes fluorescence parameters for pure morphologic features of the erythrocyte nuclei which can be contrasted by simple GIEMSA staining procedures. QMM offers a precise, non-hazardous, inexpensive, and relatively simple method for classification of di-and triploid erythrocytes of O.
MATERIAL AND METHODS
Triploidization method & collection of blood samples:
Triploidization of rainbow trout (Oncorhynchus mikiss, Smith and Stearly 1989) was induced by hyperthermia (28ºC for 10 min), 40 min after fertilisation. Blood samples (1 ml) were collected from immature fishes (350 ± 50 g) by piercing the caudal vein. Heparin (Sigma) was added to inhibit blood coagulation.
Discrimination of di-and triploid erythrocytes by flow cytometry (FC):
Following the method described by Darzynkiewicz et al (1979) , 100 ml blood suspension (10 5 erythrocytes) was mixed with 200 ml of acid detergent (0.1 % Triton X-100, 0.08 N HCl, 150 mM NaCl). After 30 s, 600 ml of the acridine orange (AO) staining solution was added (100 ml contained 1.2 mg AO (Sigma), 29 mg ethylene-diamine-tetra-acetic acid (EDTA), 150 mM NaCl, 0.1 M C 6 H 8 O 7 H 2 O, and 0.2 M Na 2 HPO 4 ). All steps were performed in a 0°C ice water bath. After 10 min, the DNA content of 5000 cell nuclei was determined by FC as described by Ojeda et al (1992) . Excitation of DNA-bound AO was performed with a 50 mW laser at 488 nm, while the emission intensity was recorded at 515-575 nm for each individual cell. Additionally, side scattering (90°) and forward scattering were recorded for each cell. The setup of the FC, designed at the Institute of Physics of the Universidad Austral de Chile by Flavio Ojeda, is described in Ojeda et al (1992) .
Discrimination of di-and triploid erythrocytes by quantitative fluorescence microscopy (QFM):
Blood suspensions (5 ml) were pipetted onto different microscopic slides. Erythrocyte nuclei were stained with AO staining solution (see above), propidium iodide (PI) (Molecular Probes, Eugene, OR, USA) staining solution (50 mg/ml), or 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) staining solution (50 mg/ml). For AO and PI staining, 5 ml of acid detergent was added to the slides in order to permeabilize the plasma membranes of the erythrocytes. After 5 min, 5 ml of the corresponding staining solutions were added. For DAPI staining, 5 ml staining solution was added directly to the erythrocytes, since the small dye diffuses freely into the chromosomal region. After an incubation time of 10 min, samples were covered with slide covers and observed on a Leica epifluorescence microscope DM LB, equipped with a type A filter set and a CS 50 W-4/L2 lamp for the fluorescent and the bright field mode. Gray scale images (8-bit, 701 ´ 480 pixels) were recorded using a CCD camera (CE, Model OS70D HR, Taiwan) and GrabIT frame grabber soft-and hardware (AIMS Lab., USA).
Discrimination of di-and triploid erythrocytes using bright field quantitative morphological microscopy (QMM):
Small aliquots of blood samples were spread out on microscopic slides and dried at room temperature. Samples were covered with May Grünwalds solution (SIGMA) for 1 min, covered with aq dest for 3 min, washed with aq dest , covered with GIEMSA solution (SIGMA, 50 ml/ml aq) for 15 min, and washed with aq dest . Finally, samples were covered with cover slides and images were recorded in the bright field mode with the microscopic setup described above.
Segmentation and parameterization of erythrocyte nuclei:
Interactive routines for cellular image analysis and multivariate data processing (SCIAN) were written in IDL ® 5.4 (Interactive Data Language, Research Systems, CO, USA). SCIAN (www.scian.cl) contains a library of different filters which allow the segmentation of complex structures (Fanani et al 2002 , cells (Jessel et al 2002 , Härtel et al 2003 , or higher biological samples (Alvarez et al 2004 (Alvarez et al /2005 . For fluorescent images, threshold segmentation in the intensity-histogram yielded excellent results. For bright field images, either threshold segmentation in the intensity-histogram (figure 1) or a modified scaling index method (SIM) was applied. SIM was originally introduced by Räth and Morfill (1997) 
Principal Component Analysis (PCA) of FC-, QFM-, and QMM-data:
Fluorescent and morphologic parameters were determined for di-and triploids erythrocyte populations as described above.
The parameters P i of the di-and triploid population were centred and normalised by
. Eigen Values (l) and Eigen Vectors (V) were calculated for each cell population (table 2). The probability that the members of each cell population are sorted correctly into the corresponding group (a and b) was quantified by discriminating capacities (C D , D = X/X,Y/X,Y,Z for 1/2/3 dimensions, figure 2):
[4]
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signal to noise ratios (SNR DI/TRI ) of the most discriminant parameters of FC, QFM, and QMM:
[5]
For the classification of unknown cell populations, parameters were transformed into the coordinate system of each calibration set (a and b). Then, the Mahalanobis Distance (MD) (Taguchi and Jugulum, 2002) was calculated for each cell in respect to each coordinate system and the minimum distance criteria min(MD a ,MD b ) was used to classify the cell into group a or b.
[6]
RESULTS
Segmentation of erythrocyte nuclei of O. mykiss from digital images was achieved in the bright field mode and in the fluorescent mode of the microscopic setup. Figure 1 shows the basic steps of a representative segmentation of GIEMSA-stained triploid nuclei which are also valid for the segmentation of diploid nuclei (results not shown). First, a threshold-interval is selected interactively in the intensity-histogram of the digital image ( figure 1a and 1b, inset) . The segmented regions of interest (white pixels in figure 1b) include erythrocyte nuclei, but also cellular debris and membrane residues. Two morphologic filters based on object size and circularity (shape sensitive parameter P 2 /A, see table 1) separate the nuclei from the undesired structures ( figure 1c ). The insets of figure 1c show that cellular debris and membrane residues are smaller and less circular (high P 2 /A-values) than the nuclei.
Morphological and intensity dependent parameters of segmented nuclei were calculated and the data were analysed by multi-parameter techniques (table 1 and 2, figure 2 ). As figure 2 shows, di-and tri-ploid (*) erythrocyte populations were separated by FC (figure 2a), QFM (figure 2b), and QMM (figure 2c). The results are plotted in bivariate histograms with area normalised density distributions. All three methods clearly distinguish between the diploid and the triploid erythrocyte population. The corresponding C D -values were calculated for 1-, 2-, and 3-dimensions and plotted next to each histogram. The C X -values are highest for the FC-data (AO-intensity), followed by the QMM-data (area), and the QFM-data (DAPI-intensity). For QFM, staining with DAPI, PI, or AO yielded comparable results (not shown). For the 2-and 3-dimensional analysis, the C D -values are almost identical. The calculation of the SNR with respect to the most discriminant parameters yielded: SNR DI/TRI = 4.5/3.1 (AO-intensity for FC), SNR DI/TRI = 2.5/2.1 (DAPI-intensity for QFM), and SNR DI/TRI = 4.0/2.0 (area for QMM). Additional insight in the interdependence between the parameters is obtained by multi parameter analysis of the FC-, QFM-, and QMM-data (table 2) . The correlation coefficients (r) between the X-, Y-, and Z-axis parameters (figure 2) are plotted in the first row of table 2. The correlation coefficient for the X/Y-axis of the FC-data is higher than the correlation coefficients of the QFM-and the QMM-data. This explains why the C XY -values for the QFM-and the QMM-data finally vary little from the C XY -value of the FC-data, although the C X -and the C Y -values of the FC-data are higher than the corresponding values for the QFM-and the QMM-data. The second column of table 2 shows the correlation coefficients calculated between fluorescence intensity-dependent parameters (I and I-Ecc) and pure morphological parameters (A, P, D, m' 22 , and Ecc) of the QFM-data. Since r-values are close to one, fluorescence dependent parameters can be substituted by pure morphological parameters; the latter can be obtained by ordinary light microscopy and QMM. The third column of table 2 shows the reduce the dimensions of the matrix for PCA-analysis to 13 x 13 (grouped parameters contain redundant information). PCA can be applied to the QMM-data since the extracted parameters yield a gauss-like distribution. Due to the different nuclear morphology, parameter groups formed by the diploid cell population differ in part from the groups formed by the triploid set. In consequence, the compositions of the first three principal axes which result from the PCA (table 2, bottom) are similar but not identical for the di-and the tri-ploid erythrocyte populations (only parameter groups with a participation > 10% were plotted). For both erythrocyte populations, the calculated Eigen Values (l) for the first principal axis (l 1 ) are more than twice as high as those for the second principal axis (l 2 ). The ratio of the standard deviation of the diploid nuclei in relation to the first two principal axis defines the relative importance of the major in respect to the minor principal axis for the classification of sample erythrocytes. This outlines the advantage of the Mahalanobis Distance over the simple Euclidean Distance: The weights compensate for the nonhomogeneous distributions of the cellular parameters in relation to each principal component. Accordingly, the Mahalanobis Distance represents a reliable measure for the classification of unknown objects into well-known populations.
DISCUSSION
In 1991 Kamentsky and Kamentsky reported that quantitative cytomeric data obtained with fluorescence microscopy is comparable to data obtained with FC. Many different applications have emerged since then which take advantage of quantitative fluorescence microscopy or quantitative morphological microscopy, QFM or QMM (e.g. Fanani et al 2002 , Härtel et al 2003 , Alvarez et al 2004 ). As we report here, the relative DNA content of erythrocytes of O. mykiss can be quantified with FC (AO-staining) or QFM (AO-, DAPI-, or PI-staining). The discriminating capacities C D indicate that the relative DNA content in erythrocytes can be determined by QFM with a precision close to the FC-data (the reference method in quantitative cytometry). Unfortunately, determination of morphological parameters with FC is not reliable; side-and the forward-scattering of the laser beam resemble surface or QMM-data, and we observe that the C XY -and C XYZ -values for QFM and QMM catch up to or are even greater than the FC-data. In consequence, the strength of the image processed microscopic methods QFM and QMM lies in the precise determination of more than one parameter coupled to the fluorescence (QFM) or to the morphology (QMM) of objects.
To our surprise, the integral fluorescence intensities of the di-and triploid erythrocyte nuclei correlate almost perfectly with basic morphologic properties (r > 0.99 for I and A). The correlation between the relative DNA content and the nuclear size suggests a homogeneous packing of the chromatin inside the nuclear membrane. In consequence, the relative DNA content in erythrocytes can be estimated indirectly by the size of the nuclei. This conclusion reveals why cell size and morphology have been used as discriminant parameters for the identification of di-and triploid salmon populations (Phillips et al 1986 , Wlasow et al 2004 . In addition to the correlation between relative DNA content and the nuclear size, further intensity coupled parameters can be substituted by their morphologic counterparts (r > 0.99 for I-Ecc and Ecc). Since morphologic parameters are calculated directly from the binary mask of the objects, fluorescence staining of the nuclei becomes unnecessary and can be substituted by simple, inexpensive, and non hazardous contrast staining procedures like GIEMSA in combination with bright field microscopy. For the morphological discrimination between erythrocyte populations with QMM, size, eccentricity (a measure for circularity), and invariant moments were shown to be the most accuratet parameters (table 2, figure 2). This result is supported by the visual impression: diploid nuclei are small and circular in comparison to the curved, bean-like triploid nuclei; see Small and Benfey (1987) for diploid erythrocytes and figure 1 or Wlasow et al (2004) for triploid samples.
Without PCA, visual multi-parameter analysis becomes a difficult task when more than two parameters are considered. For n parameters, n(n-1)/2 two-dimensional histograms have to be monitored in order to find an optimal representation. With increasing n, the task becomes timeconsuming if not impossible. As shown, QMM in combination with PCA performs excellent feature extraction for di-and triploid erythrocyte populations (table 2, bottom). PCA bundles redundant information and reduces the dimension of the parameter space to a minimum. Besides PCA, alternative methods like principal component regression, partial least square regression, and artificial neuronal networks have been tested by Davey et al (1999) for FC classification of different micro-organism with up to 7 parameters. The authors reported that artificial neuronal networks provided the best discriminating capacities in most experiments. For QMM, we preferred PCA in combination with the Mahalanobis Distance, because it presents a very clear classification criterion.
In conclusion, QMM can quantify triploidization rates in rainbow trout in a reliable, fast, and innovative way. The results are comparable or even superior to the existing reference method, FC. Since di-and tri-ploid rainbow trout do not show significant variations of erythrocyte density in the blood (data not shown), aliquots of blood samples can be mixed into a single sample. This way, the time and cost-intensive analysis of many individual blood samples can be reduced to a single step. The developed method opens a perspective for the classification of microscopic objects with many possible applications.
